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INTROWCPION 1 

C o a l  has  been used mainly for t he  generation o f  electric power t o  t h e  p re sen t  t i m e .  
Now t h a t  critical shortages e x i s t  i n  the supply of na tu ra l  gas f o r  r e s i d e n t i a l  
hea t ing  and i n d u s t r i a l  usage, a broad e f f o r t  is being made by indus t ry  and govern- 

developed, t hey  w i l l  r epresent  a second major source of coa l  u t i l i z a t i o n .  
ment to develop processes f o r  gas i fy ing  coal.=/ When these processes are f u l l y  I 

I n  both combustion and g a s i f i c a t i o n ,  coa l  is heated to e leva ted  temperatures, and 
t he re fo re  it inev i t ab ly  s u s t a i n s  some degree of decomposition prior t o  o r  concurrently 
wi th  o t h e r  chemical reac t ions .  I n  t h e  Bureau of Mines' Synthane process,=/ for 
example, p r e t r e a t e d  coal e n t e r s  t h e  upper, carbonizing sec t ion  of t he  g a s i f i e r  
where it undergoes ex tens ive  thermal degradation to  form char .  The reac t ion  products 
formed a t  t h i s  s t age  i n  t h e  process  make an important cont r ibu t ion  t o  the  ove ra l l  
performance o f  the  g a s i f i e r .  

For these  reasons,  research on t h e  d e v o l a t i l i z a t i o n  of coa l  by rap id  hea t ing  has 
been a p a r t  of the  Bureau's program on g a s i f i c a t i o n .  
t h i s  paper represent  a cont inua t ion  of preliminary work t h a t  w a s  reported earlier./ 

The r e s u l t s  presented i n  

EXPERIMENTAL 

Single  pu l ses  of e l e c t r i c a l  c u r r e n t  provide high-speed hea t ing  t h a t  is  needed 
t o  measure t h e  thermophysical 
and of metals i n  par t icu lar .& This  technique , termed pulse  hea t inq ,  w a s  adopted 
f o r  d e v o l a t i l i z i n g  coa l  i n  t h e  p re sen t  s tudy .  
i n  o rde r  t o  c o l l e c t  and i d e n t i f y  the gaseous products. 
of t h e  r e s u l t a n t  weight l o s s  of sample a f t e r  rap id  hea t ing ,  served as a measure of 
the  total  v o l a t i l e s  e w l v e d  from the coal. 

The r eac t ion  vessel w a s  e s s e n t i a l l y  a 29/42 tapered  ground g l a s s  j o i n t  sea led  on 
t o  a pumping system. Sui tab le  vacuum gages, manometers, gas  sampling and s torage  
bulbs were a t tached  to the  reactor. Tota l  volume of t he  reactor, inc luding  the  
sampling bulb,  amounted t o  418 N u m b e r  10 copper wires en tered  the r e a c t o r  
through Kovar-pyrex seals. These copper e l ec t rodes  terminated i n  sp r ing  clamps 
which supported the  hea t ing  element containing t h e  coal sample. 
elements were made i n  the form of long ,  t h i n  cy l inders  by wrapping 400 mesh s t a i n l e s s  
s teel  sc reen  on  a mandril.  
i n  diameter. I n  prepara t ion  f o r  pu ls ing ,  t h e  open ends o f  t he  cy l inder  were completely 
closed, and t h e  f l a t t e n e d  ends i n s e r t e d  i n t o  t h e  j a w s  of t h e  sp r ing  clamps. 

Current was suppl ied  t o  t h e  wire screen  hea t ing  elements by a cu r ren t  con t ro l l e r .  
This  device w a s  an e l e c t r o n i c  circuit  designed t o  s e t  the  i n i t i a l  cu r ren t  flow a t  
a des i r ed  va lue  and to  allow the  cu r ren t  to  increase  i n  a predetermined way. 
o f  t he  cu r ren t  pulse was necessary t o  compensate for increase  i n  electrical res i s tance  

roperties of s o l i d s  a t  e leva ted  temperatures ,!?I 

Coal samples w e r e  decomposed i n  vacuo 
Quant i ta t ive  measurements 

Resistive hea t ing  

\ Dimensions of the cyl inders  were 6 cm i n  length  and 1 . 2  mm 

Shaping 
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Of t h e  w i r e  and also f o r  r ad ian t  hea t  losses a t  high temperatures. 
cur ren t  values w e r e  i n  t he  range 15-20 A. The cur ren t  c o n t r o l l e r  w a s  t r i qge red  
by a prese lec ted  pulse coming from a General Radio u n i t  pu lse  genera tor ,  and 
cu r ren t  flow continued only f o r  t h e  dura t ion  of t h e  t iming pulse.  
tended from 65 to 155 msec. A 0.1 n resistor i n  the cu r ren t  c o n t r o l l e r  converted 
the  cur ren t  pu lse  to  a voltage pulse  which w a s  displayed on a storage-type o s c i ~ ~ o s c o p e -  
Prec ise  values of cu r ren t  and t i m e  were measured from the osc i l loscope  t r a c e .  

Coal samples w e r e  prepared by c u t t i n g  o u t  v i t r a i n s  from lumps o f  coal.  Fur ther  up- 
grading of the  v i t r a i n s  w a s  accomplished by microscopic examination i n  which coal 
p a r t i c l e s  with adhering mineral mat te r  were discarded. 
study because the) cons t i t u t e  the  most abundant p d  homgeneous component of coal 
and because they are also low i n  mineral matter.-’ 
ash content w a s  l e s s  than 2 percent  i n  the  P i t t sburgh  coal and less than 1 percent  
i n  t h e  o the r  coa l s  used. A low mineral matter conten t  i n  the  v i t r a i n s  w a s  des i red  
t o  a m i d  ambiguities i n  the  d a t a  from possible pyro lys is  of mineral matter. 
v i t r a i n s  were ground to a p a r t i c l e  size range o f  44-53 pm for use i n  the  experiments. 

Coals were se l ec t ed  t o  encompass a r a t h e r  wide range o f  rank and v o l a t i l e  matter.  
Bituminous coa l s  ranqed i n  rank from hvCb t o  lvb: one subbituminous coal w a s  a l s o  

Typical 

Pulse times ex- 

V i t r a ins  were chosen f o r  

It is  seen from table 1 that the  

The 

s tudied .  Thei r  proximate 

T a b l e  

analyses a r e  given i n  table 1. 

1.--Proximate analyses o f  v i t r a i n s .  

Proximate ana lys i s ,  percent  (mf) 
Fixed Volatile 

Ash mat te r  C o a l  source Rank carbon 

Pocahontas N o .  3, 
W. V a .  

Lower Kittanning, 
Pa. 

P i t t sburgh ,  
Pa. 

l vb  82.4 16.8 0.8 

mvb 73.8 25.3 0.9 

hvAb 63.1 35.1 1.8 

Colchester I l l i n o i s  N o .  2 ,  hvCb 51.1 48 .o 0.9 
I l l .  

Ro@yoSprings N o .  7-1/2, Sub A 61.7 37.7 0.6 

The temperature a t t a i n e d  by the  w i r e  screen hea t ing  elements was r e l a t e d  to 
the  time of cu r ren t  f l o w  by a c a l i b r a t i o n  method. T r i a l  and error determina- 
t i o n s  were made of the  times required t o  melt pure metal powders of l i k e  
p a r t i c l e  s i z e  and amounts a s  the  coa l .  A number of c a l i b r a t i o n  po in t s  w e r e  
thus e s t ab l i shed ,  and it w a s  shown t h a t  the  temperature a t  the end of the 
cur ren t  pu lse  was propor t iona l  t o  the  t i m e  o f  c u r r e n t  flow i n  the region to  
1450° C.  The hea t ing  r a t e  w a s  t he re fo re  cons tan t ,  and it w a s  determined to 
be 8250° C/sec. 
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The experimental procedure for devo la t i l i z ing  coal samples may now be described. 
A new (unheated) screen cy l inde r ,  conta in ing  no coal, w a s  pulsed t o  900° C i n  
the reactor which had previous ly  been evacuated. Pre- f i r ing  of t he  screen  
cy l inders  is e s s e n t i a l  because they undergo s i g n i f i c a n t  weight losses when 
they a n  heated fo r  the first time.' 
ments ma& on the coals. 
cyl inder ,  its weight remains demonstrably cons tan t  i n  f u r t h e r  tests. A p re f i r ed  
screen w a s  weighed p rec i se ly  on  a Cahn RG microbalance; approximately 250 pg of 
coal were inser ted  i n t o  the cy l inde r ,  and t h e  combined weight o f  t he  screen 
cy l inder  and coal sample was aga in  determined p rec i se ly  on the  balance.  
weighed coal sample and hea t ing  element were placed i n  t h e  r eac to r  and pumped 
u n t i l  the  sys t em pressure w a s  reduced to  t o r r .  When t h i s  reduced pressure 
w a s  a t t a ined ,  the  coal sample was pulse heated to a given temperature. A f t e r  
d e v o l a t i l i z a t i o n  occurred, the coal residue and screen  w e r e  remved from the 
reac to r  and reweighed. 

The volume of gases generated dur ing  devo la t i l i za t ion  w a s  determined from the 
pressure  increase  i n  the reactor. Mass spectrometric analyses o f  t h e  gases 
were made a t  many, bu t  no t  a l l ,  of t h e  d i f f e r e n t  t es t  conditions.  
way, t he  weight of the gases produced by rap id  devo la t i l i za t ion  of coal was 
ascer ta ined .  

Such losses would i n t e r f e r e  with measure- 
However ,  a f t e r  t he  i n i t i a l  hea t ing  o f  a screen 

The 

I n  t h i s  

RESULTS AND DISCUSSION 

The devo la t i l i za t ion  behavior o f  bituminous coa ls  under rap id  hea t ing  conditions 
is shown i n  f i q u r e  1. This f i g u r e  presents  t he  weight-loss curves o f  four  
bituminous coa ls  of d i f f e r e n t  rank over a temperature region from 400° to  
11500 C.  
although they d i f f e r  i n  detail .  
occurs a t  4000 C ,  followed by very rap id  decomposition to  600° C.  
o f  v o l a t i l e  r eac t ion  products reaches a peak a t  r e l a t i v e l y  l o w  temperatures of 
700° to 900°, a f inding  t h a t  should be o f  considerable importance to those 
engaged i n  design o f  coal g a s i f i c a t i o n  equipment. A t  still  higher temperatures ' 

the dec l in ing  t rend  i n  t h e  formation o f  v o l a t i l e s  reverses ,  and s t a r t s  to in -  
c rease  again a t  the h ighes t  temperatures of t h i s  study. 

Some discussion o f  t he  l o w  temperature peak i n  v o l a t i l e  production from 
bituminous coa l s  i s  merited because t h i s  phenomenon does no t  occur dur ing  
slow heating. I n  the la t te r  case t h e  weight loss increases  monotonically with 
temperature.=/ The broadest peak is exhib i ted  by the  I l l i n o i s  hvCb coa l  which 
has  t h e  h ighes t  v o l a t i l e  matter content  among the  coa ls  s tud ied  (see t a b l e  1). 
With regard to t h e  h ighe r  rank bituminous c o a l s ,  t he  peaks become progressively 
less in tense  wi th  increase  i n  rank, and the  peak p o s i t i o n  s h i f t s  t o  h igher  
temperatures. 
i n  t he  weight-loss curves w a s  greater than t h e  v o l a t i l e  matter i n  t h e  coal 
determined by t h e  ASTM s tandard  method o f  ana lys i s .  These r e s u l t s  are demn- 
s t r a t e d  by the data i n  table 2, which show t h a t  t h e  y i e l d  of total  v o l a t i l e s  
may be increased as  much as 36 percent  by rap id  heatinq. 
, increased  y i e l b  of v o l a t i l e s  i s  found i n  o t h e r  rap id  hea t ing  studies.=/ 

A l l  o f  the weight-loss curves have a c h a r a c t e r i s t i c  shape i n  common, 
For most of the  coals t h e  reac t ion  threshold  

Production 

I n  a l l  i n s t ances  the  v o l a t i l e  y i e l d  corresponding to  t h e  peak 

Supportive evidence for 

' I  
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cons idera t ion  of the 

ratio of total volatiles f r o m  r ap id  hea t ing  to  ASTM volatile content depends 
not only  on the  rank of mal, a8 shown i n  table 2 ,  bu t  also on the  magnitude 
of the hea t ing  rate. One suggested explanation for t h e  appearance of maxima 
i n  the weight-loss curves is that  of competit ive r eac t ions .  
bond-breaking reac t ions  t h a t  occur i n  t h e  coal s t r u c t u r e  and give rise to 
i n i t i a l  decomposition fragments may w e l l  have d i f f e r e n t  temperature dependencies 
from those of recombination reac t ions  t h a t  may form molecules nwre s t a b l e  than 
the pa ren t  coal. 

/ c i t e d  studis8 in wnjunct ion  with our own leads to the conclusion that the 

For exlunple, t he  

T a b l e  2.--Increased v o l a t i l e s  from rap id  py ro lys i s .  

Vola t i le  matter conten t  
by ASTM from peak Increase 

C o a l  source a n a k s i s  weight loss 

Pocahontas N o .  3 16.8 18.5 1.10 
k 

Lower  Kittanning 25.3 30.8 1.22 

P i t t sburgh  35.1 47.9 1.36 

Colchester Ill. No. 2 48 .O 55.8 1.16 

Rock Springs No. 7-1/2 37.7 42.4 (p la teau)  1.12 

I 

,/ 

In con t r a s t  to the  r e s u l t s  obtained with bituminous coals, the  weight-loss 
curve of subbituminous coal exhib i ted  no peak; i n s t ead ,  it reached what might 
be c a l l e d  a p l a t eau  i n  f igu re  2 .  From 800° t o  1000° C the  v o l a t i l e  y i e ld  re- 
mained level a t  about 42 weight percent  of t h e  coal. Beyond t h i s  region t h e  
production o f  v o l a t i l e s  increased sharp ly .  The f a c t  t h a t  t h e  devo la t i l i za t ion  
curve of subbituminous A coal  d i f f e r s  
coals ind ica t e s  a need f o r  more work with o the r  subbituminous coals and 
l i g n i t e s .  L o w  rank mater ia l s  such as these  are o f  i n t e r e s t  i n  coal gas i f i ca t ion  
because t h e i r  reserves  a r e  abundant and because they a r e  s i t u a t e d  i n  depos i t s  
with shallow ground cover. 

The gases a r i s i n g  from rapid  pyro lys i s  of coal v i t r a i n s  have been examined by 
mass spectrometric ana lys i s .  
Lesser amounts of C02 and the  h igher  molecular weight hydrocarbons ?up t o  c6) 
a re  a l s o  present .  Hydrocarbons a re  p re sen t  as both saturates and unsa tura tes  
with t h e  notable exception of acetylene.  Traces of aromatics such as benzene, 
toluene and xylene a r e  found as w e l l  as s u l f u r  i n  t h e  form of H2S. 
of ace ty lene ,  which has been found i n  apprec iab le  q u a n t i t y  i n  some rap id  hea t ing  
p r o c e ~ s e s l ~ - ~ ~ /  i s  mos t  l i k e l y  due t o  t h e  lower temperatures and lower hea t inq  
r a t e  employed i n  our  experiments. 

d i s t i n c t l y  f r o m  those of bituminous 

The major components i n  t h e  gas are H , CH4 and CO. 

The absence 
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T e n p e r a t m  p r o f i l e e  of t h e  ind iv idua l  gases from pyrolys is  o f  P i t t sburgh  
v i t r a i n  a m  ehown i n  figure 3. 
of C02,  CHI and the  C2'c4  hydrocarbon8 decrease with increas ing  r eac t ion  
b n p e r a t u r a .  
complex. 
to  a maximum value of 67.0 percent at 990° C. 
causes a small but real decrease i n  its concentration. CO concentration changes 
i n  an opposite manner to H 2 .  
a t  about the same temperature a t  which the m a x i m r n  R2 concentration occurred. 
The gas  composition data a re  given on a H20-02-N2-free bas i s .  

I n  addi t ion  to  the gases produced by r ap id  d e v o l a t i l i z a t i o n  of c o a l ,  heavier  
products,  re fe r red  t o  as tar ,  a l s o  formd 
w a l l s  of the r eac to r  and is visible asbrown s t a i n  on the  glass. Because the  
quan t i ty  of t a r  from a s i n g l e  experiment is  80 small, i t  has n o t  been measured 
nor  has it been chemically analyzed. However, t he  quan t i ty  o f  t a r  can be 
obta ined  i n d i r e c t l y  by s u b t r a c t i n g  the  weight o f  the gases from the  to ta l  
v o l a t i l e s ,  i.e. the weight loss o f  t h e  mal. Results o f  such ca l cu la t ions  
f o r  P i t t sburgh  v i t r a i n  are shown i n  f igu re  4 i n  which the  experimentally 
determined curves f o r  "total volatiles" and f o r  "gas" have f i r s t  been drawn. 
The curve fo r  "tar" is o f  w u r s e  determined by the  d i f fe rence  ca l cu la t ion .  The 
curves show t h a t  tar formation is favored by low decomposition temperatures and 
t h a t  tar  i s  i n  f a c t  themain product a t  a l l  temperatures up t o  1000° C. 
1000° the amount of gas exceeds the  amount o f  tar even though t h e  total  volatile 
y i e l d  i s  still below t h e  peak y i e l d  obtained a t  700° C. Fur ther  co r re l a t ions  o f  
product y i e l d s  with rank and temperature parameters have been made and w i l l  
be published l a t e r .  

Here it is seen that the  nv la r  percentages 

The func t iona l  dspondenca of H 2  and CO on tenperature is more 
H2 production starts a t  31.5 mole percent  a t  700° C and increases 

Further increase  i n  temperature 

A minimum CO value o f  12.0 m l e  percent  is achieved 

This  material mndenses on the 

Above 
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Figure 1.--Devolatilization of bituminous coals by rapid heating. 
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Figure 2.--Devolatilization of a subbituminous coal by rapid heating. 
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Figure 3.--Composition of gas f r o m  devolatilization of Pittsburgh hvAb coal. 
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Figure 4.--Yields of tar and gas .from devolatilization of Pittsburgh hvAb mal. 
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